1.. Background and objective {#S1}
============================

In China, more than 500,000 people die each year from sudden cardiac death (SCD) \[[@ref001]\]; worldwide, this figure has reached an alarming 7 million \[[@ref002]\]. One of the important causes of SCD is ventricular fibrillation, and the only effective clinical way to terminate it is by shock defibrillation. Myocardial characteristics play an important role in shock defibrillation effect, which differs markedly under different pathological or physiological conditions of different individuals. For instance, cardiomyocyte coupling will decrease with age; myocardial ischemia can lead to cardiomyocyte decoupling at the ischemic area; the degree of myocardial anisotropy increases for the patients with cardiac hypertrophy. Therefore, it is instructive to understand the effect of ventricular myocardium characteristics on the defibrillation threshold (DFT). A wrong assessment of DFT will result in a failed shock defibrillation \[[@ref003]\]. Therefore, studying the effect of myocardium characteristics on defibrillation has not only important theoretical significance, but also important clinical value.

The distribution of electric field in the heart is closely related to the defibrillation results \[[@ref004]\]. It is almost impossible to measure the distribution of electric field in the myocardium *in vivo*, so finite-element (FE) modeling has been widely used in such studies. During the previous three decades, various three-dimensional cardiac models have been established. Among them, volume conductor models can best reflect the electric field distribution in ventricles. Some examples include the human thoracic model constructed by Camacho et al. \[[@ref005]\], the dog chest model developed by Karlon et al. \[[@ref006]\], and the human thoracic model built by Kinst et al. \[[@ref007]\]. Besides electric field, these models used current density as an indicator of defibrillation effects, which aimed to finding the relationship between current density and DFT. In 1975, the embryonic form of the critical mass hypothesis was proposed \[[@ref008]\] and in the mid-nineties, this method for calculating the DFT has been generally accepted \[[@ref009]\]. Using this hypothesis, many models were established to study the effect of defibrillation field on DFT, such as the porcine thoracic model constructed by Wang et al. \[[@ref010]\] and the dog heart model built by Yang et al. \[[@ref011]\]. With the understanding of the influence of myocardial anisotropy on the distribution of defibrillation electric field \[[@ref012], [@ref013]\], several cardiac volume conductor models have reported factors influencing the myocardial fibers. Such as the human torso models constructed by Eason et al. \[[@ref013]\], Aguel et al. \[[@ref014]\], Wang et al. \[[@ref015]\] and Modre et al. \[[@ref016]\], and the swine chest models constructed by Panescu et al. \[[@ref017]\].

The aforementioned studies were committed to optimizing the electrode configuration \[[@ref005], [@ref006], [@ref007], [@ref010], [@ref011]\] or researching the effects of myocardial anisotropy on DFT based on one group of anisotropic conductivities, which did not further discuss why fiber anisotropy could have this kind of effect on DFT \[[@ref013], [@ref014], [@ref015], [@ref016], [@ref017]\].

To investigate the effect of myocardial characteristics on DFT, this manuscript used a rabbit ventricle as the anatomical model, which has higher resolution than aforementioned models \[[@ref005], [@ref006], [@ref007], [@ref010], [@ref011], [@ref014], [@ref015], [@ref016], [@ref017], [@ref018]\]. Rabbit heart has much smaller size compared to human heart, so using this model can evidently reduce the computational complexity, significantly shortening the simulation time. In addition, the structure and electrophysiological characteristics of the human and rabbit heart have a high degree of similarity, making this model reliable \[[@ref019]\].

In this manuscript, the DFTs in different ventricular myocardium characteristics were given in the RESULTS section. The effects of cardiomyocyte coupling, the degree of myocardial anisotropy and the combined effects of these two factors on DFT were discussed in DISCUSSION section. Model development, model parameter selection and simulation methods were discussed in METHODS section. This study provided a basis for the modeling and parameter selection of myocardial conductivity in different conditions, and thus provides some guidance for defibrillation treatment.

2.. Methods {#S2}
===========

In this manuscript, a rabbit ventricular FE model with a resolution of approximately 250 $\mu$m was constructed using the magnetic resonance imaging (MRI) data of the rabbit ventricles provided by Oxford University \[[@ref020], [@ref021]\]. The model is 2.37 $\times$ 2.16 $\times$ 2.94 cm and contains 955,292 nodes and 50,28,264 elements. In this model, conductivity value was used to represent the cardiomyocyte coupling, and the ratio of anisotropic conductivity was used to represent the degree of myocardial anisotropy. By changing the value of the anisotropic conductivity, we studied the effect of myocardium characteristics on the DFTs based on the critical mass hypothesis. The criterion used in this study was a voltage gradient of 5 V/cm generated over 95% of the myocardium \[[@ref022]\].

To simplify the problem, all simulations in this manuscript used the implantable cardioverter defibrillator (ICD) electrode configuration: the anode (a thin cylindrical electrode with a height of 16 mm and a radius of 0.5 mm) was inserted into the right ventricular cavity and the cathode (a circular patch electrode with 4 mm radius) was placed on the upper part of the left ventricular epicardium (Fig. [1](#thc-26-thc174599-g001){ref-type="fig"}). A defibrillation threshold voltage was applied between the cylindrical electrode (anode) and the circular patch electrode (cathode) such that the critical mass hypothesis was met. In this study, the DFTs for isotropic, anisotropic, and different anisotropic conductivities were simulated.

Figure 1.ICD electrode configuration was used in the simulation. The red part of in the right ventricle as shown in left picture is the columnar electrode, the red part of on left ventricular epicardium as shown in right picture is the circular patch electrodes.

The electric shock defibrillation problem is equivalent to the constant electric field problem in the volume conductor model. The potential in the volume conductor satisfies the Laplace equation:

$${\nabla \cdot {({\sigma{\nabla\Phi}})}} = 0$$

where $\sigma$ is the conductivity tensor, and $\Phi$ is the potential. Equation ([1](#S2.E1)) is solved subject to the Dirichlet condition Eq. ([2](#S2.E2)) for the anode and cathode regions, and the Neumann boundary condition for the residual ventricular surface Eq. ([3](#S2.E3)).

$${{\Phi{(x,y,z)}}|}_{SI_{i}} = V_{i}$$$$\left. \frac{\partial\Phi}{\partial n} \right|_{S2} = 0$$

Equation ([2](#S2.E2)) represents the Dirichlet boundary condition, which defines the myocardial surface ($SI_{i}$) in contact with the electrode ($i_{\text{th}}$) with a potential $V_{i}$, and the potential of $SI_{i}$ is $V_{i}$. Equation ([3](#S2.E3)) represents the Neumann boundary condition, which defines the myocardial surface that is not in contact with the electrode; the derivative of the potential gradient on the surface of the myocardium is zero. The finite element method can be used to solve Eq. ([1](#S2.E1)) \[[@ref005]\] because it is a numerical simulation technique suitable for solving partial differential equations in an irregular geometric region.

The fiber conductivity tensor $\sigma$ of every element in FE model was calculated using following formula \[[@ref021]\]:

$$\sigma = {{\sigma_{t}I} + {{({\sigma_{l} - \sigma_{t}})}AA^{T}}}$$

where the coefficient $\sigma_{l}$ is the conductivity along the direction of the myocardial fibers, and the coefficient $\sigma_{t}$ is the conductivity perpendicular to the myocardial fiber. $I$ is the unit matrix. $A$, the direction cosine of every element, can be obtained by the rule-based approach \[[@ref023]\], which determines the direction of myocardial fibers. Therefore, this model reflects the fiber orientation in ventricular epicedial, myocardial, and endocardial layers.

The FE simulation software, Comsol Multiphysics 5.2 (COMSOL Inc.), was used. For an isotropic cardiac volume model, the electrical conductivity of myocardial fibers was set to $\sigma_{m} =$ 0.25 S/m (first row, Table [1](#T1){ref-type="table"}). Ventricular blood perfusion greatly changes the distribution of the electric field in the volume conductor model, which has a great impact on the DFT, so the blood perfusion was added into the ventricle. Since blood conductivity is isotropic, for all ventricular models constructed in this study, the conductivity of the intraventricular blood was set to $\sigma_{b} =$ 0.7 S/m (the average of the blood conductivities in Table [1](#T1){ref-type="table"}).

Table 1Electrical conductivity of myocardial fibers given by different literaturesCitedThe model usedAnisotropicMyocardial anisotropic$\overline{\sigma}$Blood conductivityDFTPODpaperratioconductivity (S/m)(S/m)(V)(%)\[[@ref005]\]Chest model of human1:1$\sigma_{l} = \sigma_{t} =$ 0.250.250.81130\[[@ref015]\]Chest model of swine2:1$\sigma_{l} =$ 0.3367; $\sigma_{t} =$ 0.16840.25260.6491227.96\[[@ref016]\]Ventricular model of human4:1$\sigma_{l} =$ 0.6; $\sigma_{t} =$ 0.150.3750.61162.65\[[@ref014]\]Torso model of human3.74:1$\sigma_{l} =$ 0.625; $\sigma_{t} =$ 0.1670.3960.7751130\[[@ref013]\]Torso model of human2.648:1$\sigma_{l} =$ 0.625; $\sigma_{t} =$ 0.2360.43050.775106$-$6.19\[[@ref017]\]Chest model of human2:1$\sigma_{l} =$ 0.5; $\sigma_{t} =$ 0.250.3750.667107$-$5.31$\sigma_{l} =$ conductivity along the direction of myocardial fiber, $\sigma_{t} =$ conductivity perpendicular to the direction of myocardial fiber, $\overline{\sigma} =$ average value of $\sigma_{l}$ and $\sigma_{t}$, DFT $=$ defibrillation voltage thresholds, POD $=$ Percentage of difference between the DFT of isotropic conductivity and the DFT of anisotropic conductivity. The units of $\sigma_{l}$, $\sigma_{t}$ and $\overline{\sigma}$ are S/m. The information obtained directly from different literatures is 1--4, 6 columns of the table. DFT is obtained by simulation.

Figure 2.Simulation result of the distribution of ventricular electric field. The red part represents the high electric field area and the blue part represents the low electric field area. The unit of electrical field (EF) is V/cm.

Figure 3.Effect of cell coupling degree on defibrillation electric field distribution. As shown, the two axes of the horizontal plane respectively represent electrical conductivity along the myocardial fiber $\sigma_{l}$ and perpendicular to the myocardial fiber $\sigma_{t}$, and the axis perpendicular to the horizontal plane represents the DFT. The white dots distributed over the curved surface represent the simulated DFT. As the myocardial fiber conductivity reflects the cell coupling, follow the two restrictions mentioned above, the right side of the red dotted line is the actual possible DFTs distribution.

3.. Results {#S3}
===========

Electrical conductivity of myocardial fibers varies in different literatures. For all myocardial conductivities shown in Table [1](#T1){ref-type="table"}, the corresponding distributions of electric field in the ventricle were gotten by our computer simulation (Fig. [2](#thc-26-thc174599-g002){ref-type="fig"}). The DFT (minimum defibrillation voltage that meets the critical mass hypothesis) is showed in seventh column of Table [1](#T1){ref-type="table"}. Using Eq. ([4](#S2.E4)), we calculated all the percentages of difference (POD, eighth column, Table [1](#T1){ref-type="table"}) between the DFT of isotropic conductivity ($\text{DFT}_{\text{Iso}}$) and the DFT of anisotropic conductivity ($\text{DFT}_{\text{Ani}}$).

$$\text{POD} = {\frac{\text{DFT}_{\text{Ani}} - \text{DFT}_{\text{Iso}}}{\text{DFT}_{\text{Iso}}} \times {100\%}}$$

The values of anisotropic conductivites were changed depending on the possible cell coupling conditions: 1. because the cells are not prone to over-coupling, the $\sigma_{l}$ and $\sigma_{t}$ values were $<$ 0.7 S/m (all myocardial conductivities given in literature \[[@ref005], [@ref013], [@ref014], [@ref015], [@ref016], [@ref017]\] are below 0.7 S/m); 2. usually the number of gap junctions along the cell fibers is more than those perpendicular to the cell fibers; therefore, $\sigma_{l} \geqslant \sigma_{t}$. Based on these two principles, the DFTs were obtained by simulation, resulting in a curved surface (Fig. [3](#thc-26-thc174599-g003){ref-type="fig"}). The effect of the anisotropy on the DFT is further explained in Fig. [4](#thc-26-thc174599-g004){ref-type="fig"}, which showed the percentage of ventricular myocardial mass below discrete potential gradients in different myocardial coupling (conductivity).

In the next part, three aspects of the problem will be discussed: 1. The effect of intercellular coupling on the DFT, which was represented as the value of the conductivity in volume conductor model (Section 3.1); 2. The effect of the degree of the myocardial anisotropy on the DFT, which was represented as the ratio of anisotropic conductivity in volume conductor model (Section 3.2); 3. The combined effect of the above two aspects on the DFT (Section 3.3).

3.1. Effects of intercellular coupling of cardiomyocytes on the defibrillation thresholds {#S3.SS1}
-----------------------------------------------------------------------------------------

Studies have shown that cardiomyocyte coupling directly affects the degree of dispersion in myocardial repolarization and provides a major basis for reentrant arrhythmias \[[@ref024]\]. This section investigated the effects of the degree of cardiomyocyte coupling on the DFT. By comparing the DFTs when $\overline{\sigma} =$ 0.2526 S/m (second row, Table [1](#T1){ref-type="table"}) and $\overline{\sigma} =$ 0.375 S/m (sixth row, Table [1](#T1){ref-type="table"}), whose ratios of anisotropic conductivity are both 2:1, it was found that the DFTs are 122 V and 107 V respectively. Therefore, the tighter the intercellular coupling is, the greater the myocardium conductivity which results in the lower DFT. This is because when the electrical conductivity of the myocardium is lower, more current flows through the blood, reducing the electric field strength in the myocardium. As a result, to satisfy the critical mass hypothesis, a higher defibrillation voltage must be applied for successful defibrillation.

Figure 4.The percentage of ventricular myocardial mass below discrete potential gradients in different anisotropic conductivity. The right diagram shows the case in Table [1](#T1){ref-type="table"} with different anisotropy ratios($\sigma_{l}/\sigma_{t}$), which are 1:1, 2:1, 2:1, 2.648:1, 3.74:1, 4:1 respectively. The units of conductivity $\sigma_{l}$ and $\sigma_{t}$ are S/m, the units of DFTs are V.

3.2. Effects of myocardial anisotropic conductivity on the defibrillation thresholds {#S3.SS2}
------------------------------------------------------------------------------------

The shape of the myocardial cell is fusiform, which has long axis and short axis. The gap junctions between the long axis of the cells connection are more intensive, and thus the electrical conductivity is higher; gap junctions between the short axes of the cells are rare, and thus the electric conductivity is lower ($\sigma_{l} > \sigma_{t}$). So the intercellular coupling can be described by anisotropic conductivity. In addition, the distribution of gap junctions depends on the age of species and calcium ion concentration of the cell \[[@ref024]\]. Therefore, the anisotropic conductivities vary widely in different studies (Table [1](#T1){ref-type="table"}).

To investigate the effect of anisotropic conductivity on DFT, the DFTs of the isotropic conductivity (first row, Table [1](#T1){ref-type="table"}) and anisotropic conductivity with 2:1 anisotropic ratio (second row, Table [1](#T1){ref-type="table"}) were compared. The $\overline{\sigma}$ of these two sets of myocardial conductivities are both 0.25 S/m. The simulated DFTs of the isotropic and anisotropic myocardial fibers were $\text{DFT}_{\text{Iso}} =$ 113 V and $\text{DFT}_{\text{Ani}} =$ 122 V, respectively. The POD between them was 7.96% calculated by using Equation ([5](#S3.E5)).

Furthermore, both the conductivity of 4:1 anisotropic ratio (third row, Table [1](#T1){ref-type="table"}) and the conductivity of 2:1 anisotropic ratio (sixth row, Table [1](#T1){ref-type="table"}) have $\overline{\sigma}$ value of 0.375 S/m. However, the DFTs are 116 V and 107 V, so the percentages of difference are 2.65% and $-$5.31% respectively. It can be seen that the degree of anisotropy has a significant effect on the DFT, the higher the degree of anisotropy, the higher the DFT.

3.3. The effect of cardiomyocyte coupling and the degree of anisotropy on defibrillation thresholds {#S3.SS3}
---------------------------------------------------------------------------------------------------

Previous studies in literature \[[@ref008]\] have already provided that myocardial fibers have substantial electrical anisotropy, and myocardial anisotropy affects the distribution of voltage and defibrillation electric field. James Eason et al. compared the DFTs of the isotropic conductivity ($\sigma_{l} = \sigma_{t} =$ 0.28 S/m) and the anisotropic conductivity ($\sigma_{l} =$ 0.625 S/m, $\sigma_{t} =$ 0.236 S/m, $\overline{\sigma} =$ 0.43 S/m, ${\sigma_{l}/\sigma_{t}} =$ 2.6:1) and obtained the conclusion that the distribution of the potential gradient depends primarily on the electrode position (considered a first-order influence), and the direction of a myocardial fiber only plays a modulatory role (considered a second-order influence) \[[@ref013]\]. The above study did not take the value of myocardial conductivity into account when discussing the effect of anisotropic conductivity on DFT, so in this section, the effects of cardiomyocyte coupling and the degree of anisotropy on DFT were both investigated. As shown in Fig. [3](#thc-26-thc174599-g003){ref-type="fig"}, when $\sigma_{t}$ is fixed, DFTs only decrease slightly with increasing $\sigma_{l}$. This is the result of increasing myocardial conductivity and the increasing degree of anisotropy counteracting each other to some extent; when fixing $\sigma_{l}$, DFTs significantly decrease with increasing $\sigma_{t}$ because the increasing myocardial conductivity and the decreasing degree of anisotropy are overlapping to some extent. These findings demonstrated the effects of myocardial electrical conductivity and the degree of anisotropy on DFTs.

As shown in Fig. [4](#thc-26-thc174599-g004){ref-type="fig"}, with the increasing proportion of the low-intensity region, the curves shifted left, indicating a smaller or constant DFT. The DFTs of the red line (isotropic conductivity, $\sigma_{l} = \sigma_{t} =$ 0.25 S/m) and violet line (anisotropic conductivity; $\sigma_{l} =$ 0.625 S/m; $\sigma_{t}$ 0.167 S/m) were 113 V, but the average conductivity value of the anisotropic myocardium (0.396 S/m) was much higher than that of the isotropic myocardium, and the proportion of the ventricular electric field distribution in the low-intensity region was higher under isotropic conditions. Therefore, the degree of myocardial anisotropy had an effect on defibrillation electric field distribution. When conductivity is closer to isotropy ($\sigma_{l}/\sigma_{t}$ closer to 1), the proportion of the defibrillation electric field to the low-intensity region is higher, and the DFT is lower.

4.. Conclusions {#S4}
===============

This study focused on the effects of ventricular myocardium characteristics on DFT. It is concluded that the DFTs and electrical conductivity of myocardial fibers are closely related. Higher electrical conductivities correlates with lower DFTs. In addition, the DFTs are affected by the degree of myocardial anisotropy. Higher degree of myocardial anisotropy correlates with higher DFTs.

Cardiac modeling and simulation are important techniques for evaluating defibrillation electric field distribution; the accuracy and complexity of the model directly affect the simulation results and efficiency. This study not only provides a basis for cardiac modeling and simulation of defibrillation electric field distribution, but also provides a new insight into the differences in the DFTs of clinical patients.
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